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Cover—Segment of north-trending dike array in Black Canyon, Arizona. Tabular dike segment crosses fanglomerate

ridge. At north end (left), dike incorporated a mass of the host fanglomerate and developed a bulbous swelling. Wilson
Ridge in background.
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Mantle Origin and Flow Sorting of Megacryst-Xenolith
Inclusions in Mafic Dikes of Black Canyon, Arizona

By Jane E. Nielson and John K. Nakata

ABSTRACT

Three arrays of inclusion-bearing alkali basalt dikes, 1
to 1.5 km in length, crop out in Miocene and Pliocene
fanglomerate in Black Canyon, near the Colorado River,
northwest Arizona. Erroneously called camptonite dikes,
the best known exposures are in a series of roadcuts about
16 km south of Hoover Dam. The origin of axial concentra-
tions of inclusions in these dikes has long been debated. The
north-trending dike arrays consist of at least 16 short seg-
ments, which are 61 to 366 m in length. Five of these
segments pinch out at the north or south end, or both; where
the tips of dike segments overlap, they may be deflected in
opposite directions. These stress-related deflections show
that the segments of each array were emplaced concurrently.

A vent area of related tuff breccia and multiple intru-
sions crops out at the south end of the dike arrays. The
dikes, related tuff breccia, and a possible small lava flow all
contain inclusions. Although the most distinctive inclusions
are mafic to ultramafic mineral fragments (megacrysts) and
xenoliths, the largest and most common inclusions are
silicic igneous and metamorphic rocks from disaggregated
masses of fanglomerate wall rock. Compositions of the
suite of mafic megacrysts indicate derivation from the man-
tle; thus they are xenocrysts. The alkali olivine basalt com-
position inferred for the juvenile magma of Black Canyon
dikes and eruptive units is consistent with these inclusion
compositions.

The dominant mantle-derived megacrysts are black
kaersutite (Ti-hornblende) cleavage fragments with ubiqui-
tous reaction textures. Less common xenocrysts are black
pyroxene grains and polygranular olivine clusters. Small
xenoliths of spinel peridotite and pyroxenite—including
amphibole- and mica-bearing types—are present but un-
common; one peridotite contains a kaersutite veinlet with
compositions similar to most analyzed kaersutite mega-
crysts. Systematic analyses of kaersutite grains from the
dike segment with the best-exposed inclusion concentration
show no compositional variations that can be related to
grain size, shape, textural relations, or position. Mineral
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compositions and textural relations indicate that the mafic
xenolith-megacryst (xenocryst) assemblage in the Black
Canyon dikes most likely was derived from an area of up-
per mantle composed of peridotite with veins of pyroxenite
and pods of coarse crystalline amphibole. Partial melting of
this type of assemblage could have produced the dike mag-
ma, but the observed reaction textures and isotopic disequi-
librium between megacrysts and the dike matrix indicate
that the suite of inclusions does not represent the actual
parent material. '

Our detailed observations indicate that most internal
structures in the dikes are concordant with the axial planes
of the dike segments and are related to flow processes of
magma in conduits. These structures include: alternating
zones of massive or fissile matrix (containing longitudinal
joints), rare flow banding, and the boundaries of matrix
structure zones, as well as orientations of the long dimen-
sions of vesicles and of mineral and rock inclusions. One
roadcut through a dike segment exhibits four to five regu-
larly-alternating matrix structure zones in combination
with a large volume of size-sorted inclusions.

Only three dike segments contain more than 10 per-
cent inclusions. In all these segments the largest volume of
inclusions—of both mantle and near-surface origin—is
concentrated in the axial zones; the largest inclusions and
the greatest size range of inclusions are found in the cen-
tral zone of the dike. The presence of fanglomerate clasts
in these axial inclusion concentrations demonstrates that
inter-grain pressures effectively moved inclusions toward
the center of the dike conduits. Therefore, axial concentra-
tions of mantle xenolith-xenocryst inclusions are found in
the dikes where the flowing magma contained a relatively
large volume of particles. The axial inclusion concentra-
tions and size sorting of inclusions were most likely pro-
duced by flow sorting and not by multiple injections of
magma or progressive crystallization phenomena, which
have been proposed previously.

INTRODUCTION

Alkali olivine basalt dikes and dike-fed tuff breccia
crop out in an area of approximately 1.5 km?, near U.S.
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Highway 93, in the Black Canyon of the Colorado River,
northwest Arizona. The best-known dike exposure is a
roadcut located 16 km south of Hoover Dam and the tuff
breccia is found in a small eruptive center, located at the
south end of dike outcrops (figs. 1 and 2). The dikes were

CONTOUR INTERVAL 40 FEET

Figure 1. Index map of study area, in northwestern Arizona. Dikes
are shown in heavy black lines; numbered locations are described in
table 1 and text. Heavy dashed line represents a jeep trail. Topo-
graphic base from U.S. Geological Survey Ringbolt Rapids, Arizo-
na-Nevada quadrangle map, 1:24,000 scale, photorevised 1973.

Figure 2. A, Map showing geology of vent area and southern-
most dikes of southern Black Canyon array (location shown in
fig. 1). B, Map showing the magnetic expression of the vent area,
superimposed on outcrops of intrusions (location shown in fig.
2A). Light shading shows main region of domed magnetic anom-
aly; darker shading is the highest peak on the magnetic anomaly.

114° 37' 36"

z

—————_____Abandoned
4 roadcuts
\ Location 13 é
Area of
figure 2B

EXPLANATION

Alluvium {Quaternary) =Y Tuff and dikes (Tertiary)—
it Mixed rock unit

Tuff breccia (Tertiary) |:| Fanglomerate (Tertiary)
——e 2209 _s Contour of altitude
-, ike (Terti M ic contours, dotted
- Dike (Tertary) o0 e e Hachures
indicate closed low
0 100 METERS

0 100 200 300 FEET

CONTOUR INTERVAL 40 FEET

MAGNETIC CONTOUR INTERVAL
400 nanoTeslas



GEOLOGIC RELATIONS IN BLACK CANYON 3

emplaced in fanglomerate of Miocene and Pliocene age,
which contains clasts derived from older metamorphic
rocks and granite of the adjacent mountain ranges.

Roadcuts expose a dike segment with conspicuous
concentrations of kaersutite megacrysts and rock frag-
ments; inward from the contacts the kaersutite grains in-
crease in abundance and are larger in size. These
concentrations were called “zoning” by Campbell and
Schenk (1950), who interpreted the dike as a camptonite
magma that had crystallized in place. They hypothesized
that volatile components of the magma had been concen-
trated in the axial zone of the dike, allowing crystallization
of coarse kaersutite grains, and that smaller crystals
formed in the dike margin, owing to the smaller propor-
tion of volatiles in the magma near dike contacts. Howev-
er, rock fragments also are larger in the dike axial zone,
and xenoliths of altered peridotite, probably of mantle ori-
gin, have been identified in the inclusion suite (Wilshire,
Schwarzman, and Trask, 1971). Compositions of kaersutite
and pyroxene megacrysts from the roadcut exposures sug-
gested that these minerals also were derived from a mantle
source (Best, 1974; Irving, 1977; Basu, 1978; Boettcher
and O'Neil, 1980; Foland and others, 1980; Garcia and
others, 1980).

Our detailed study of structures, textures, and inclu-
sion content and distributions in all the exposed dike seg-
ments verifies the mantle origin of the mafic megacrysts
and xenoliths. Thus, the kaersutites did not crystallize in
place. Moreover, the distribution of inclusions by size are
more complex than Campbell and Schenk (1950) indicat-
ed, and we conclude that neither inclusion concentrations
nor the size distribution in various dike segments could
have originated as those authors proposed. We also found
that longitudinal zones, defined by alternations of massive
matrix and dike-parallel fissile joints, are ubiquitous and
that only two other exposed dike segments of the Black
Canyon arrays contain inclusion concentrations similar to
those in the well-known highway roadcuts. Therefore, the
“zoning” observed in the highway roadcut is a coincidence
of features that occur in various combinations throughout
the exposures of dikes in Black Canyon.
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GEOLOGIC RELATIONS IN
BLACK CANYON

The Black Canyon dikes comprise three distinct arrays
of discontinuously exposed dike segments. Two subparal-
lel arrays, 1 and 1.5 km long, trend close to due north (fig.
1). Exposed dike segments in each array are from 61 to
366 m long (table 1). A third, more dispersed array with a
northeasterly trend is 1 km long and comprises dike seg-
ments 60 to 160 m long (fig. 1). This third set of dikes
trends into related eruptive deposits and intrusions at the
south end of the study area (fig. 2).

The Black Canyon dikes intrude gently west-dipping
Miocene and Pliocene fanglomerate deposits of the Muddy
Creek Formation. The fanglomerate forms an alluvial
apron along the west flank of north-trending mountain
ranges, from which clasts of Precambrian gneiss and gran-
ite were derived. Volcanic rocks of early to middle Mi-
ocene age underlie fanglomerate west of the dike arrays;
these rocks are mostly andesite and dacite with subordi-
nate basalt and include dacite airfall and ash-flow tuff
(Anderson and others, 1972; Anderson, 1978; E.I. Smith,
written commun., 1988). Mesa-capping flows of aphyric
basalt locally overlie the fanglomerate and Precambrian
rocks (Anderson and others, 1972).

The dikes have K-Ar ages of 4 to 5 Ma (Anderson
and others, 1972), and ages of 3.7 to 5.8 Ma are reported
for massive mesa-capping basalts (Anderson and others,
1972). The megacryst-bearing dikes are distinctly different
in composition and appearance from the bulk of approxi-
mately coeval basalt flows (Campbell and Schenk, 1950).
Thus, the megacryst-bearing dikes probably were not feed-
ers for these mesa-capping flows.
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Table 1. Characteristics of Black Canyon dikes.

Dike segment

Width (cm)!

Description Attitude Length Comments
(see fig. 1) Strike Dip Min Max. (m)

1 Short segment, N20°E  79°W 80 150 61 Tabular, with horizontal cooling joints.
outcrops 900 m Matrix fissile in axis. Sparse inclusions,
north of highway. kaersutite, olivine predominate.

2 Crops out on N16°E 90° 91 370 213 South end tabular, no zoning. Bulbous
fanglomerate ridge, swelling at north end, adjacent to tabular
east of jeep trail; 2 segment with 5 massive to fissile zones.
segments with about Abundant inclusions; fanglomerate clasts
70-m gap between predominate, kaersutite less abundant.
€Xxposures.

3to4 Sinuous, offset from NO2°Wto 90° 0 1,110 275 Predominantly tabular, 3 interior zones.
north end of N35°E Mass of fanglomerate inclusions at contact
segment 2. Segment near south end. Sparse inclusions, all in axis
3 is south end, 4 near north end; kaersutite predominates. No
north end, of dike. size sorting. Bulbous swelling at north end

near dike tip.

5to6 Northernmost NIO°E  71°E 0 115 275 Bulbous swelling predominant in outcrop.
exposure of eastern Two asymmetric zones, sparse inclusions;
array. West contact predominantly kaersutite. No size sorting.
is not exposed.

7 Northernmost NO2°Eto  90° 0 100 183 Tabular, resembles segment 1. Tip exposed
exposure of western ~ N15°E at north end, near small dam in wash.
array.

7JA to 8 Relatively straight NI10°E 90° 0 180 152 Tabular, massive contact, fissile axis zones.
segment, some Sparse inclusions; kaersutite predominant.
unexposed parts. No size sorting. Tip exposed at south end.

8t 9 Relatively long and  N20°E 90° 110 280 366 Tabular, resembles segments 7A to 8. Forms
straight segment. large and small dams across 2 washes.

10to 11A  Straight segment, N 90° 0 100 150 Tabular, massive contact, fissile inner zone,
but tip at south end and massive axial zone. No size sorting.
deflected sharply to
northwest.

11Ato 11 Sinuous segment. N10°Eto 76°W 0 240 244 Tabular, 2 asymmetric zones. Small bulbous
Parabolic tips at NI11°W swelling near north end. Sparse inclusions,
both ends. no size sorting. Forms large dam in wash.

11to 11B  Sinuous segment. NO5°Eto  90° 0 255 245 Tabular, no distinct zones or size sorting;
Atnorthend is well ~ N10°W sparse kaersutite inclusions. Parabolic
exposed parabolic joints concentric to contact in tip exposed at
tip. north end.

12 Two short segments N25°E 90° 60 100 200 Tabular and massive. No zones; sparse
in large wash inclusions, predominantly kaersutite.
between highway
and Station 1.

13 Cross section N25°E  78°E 115 160 244  Tabular, 5 alternating zones, massive to

exposed in U.S.
Highway 93
roadcuts.

fissile zones. Inclusion concentrations,
marked size sorting. Highest inclusion
abundances observed; kaersutite
predominant.

1 All widths measured perpendicular to the local axial plane of the dike.







































COMPOSITION OF DIKES AND INCLUSIONS

Table 3. Compositions of dike matrix.

[Analyses by X-ray fluorescence, unless otherwise indicated; A.J. Bartel, J.S. Wahlberg, J.E. Taggart, J. Baker, K.C. Stewart, analysts. R, raw, or untreated dike
matrix; L, matrix leached in dilute HCI prior to analysis (preparations of treated samples by D. Sorg); —, mineral not present in the norm]

A. Whole-rock major-element analyses.

Sample DS-1 DS-12 DS-Y2 DS-6 cs’ ama'  pD’
R(2) L R(2) L RQ L R
Analyses (weight percent oxide)

Si0, ---- 45.0 49.6 449 48.5 43.1 477 45.6 43.79 46.16 4430
Al O -- 156 145 15.6 149 152 149 154 17.84 1571 14,95
FeO! --- 4.59 5.18 523 5.60 3.88 421 5.82 395 — 6.55
Fe,0,2 - 5.05 5.14 421 438 539 6.06 373 4.20 10.07 1.82
MgO --- 5.1 5.0 5.0 53 55 4.8 53 945 4.62 3.86
CaO ---- 9.1 7.1 9.6 6.9 9.7 7.0 9.1 10.44 8.20 8.44
Na,O --- 4.0 33 32 29 26 24 32 5.30 4.51 323
K,0 ---- 2.8 24 28 25 1.9 1.8 3.1 1.96 322 287
TiOy ---- 29 33 29 32 28 33 3.0 2.48 293 2.89
P,05---- 0.80 0.32 0.79 0.39 0.76 022 0.82 0.54 0.92 0.76
MnO --- 0.16 0.16 0.16 0.15 0.15 0.15 0.16 0.04 0.17 0.15
H,0* --- 136 1.76 2.80 2.65 2.64 3.06 248 3.93
H,0" --- 0.63 1.32 047 1.30 2.05 3.15 0.83 272 (L13.21) (LI9.])
CO, - 1.98 0.03 1.87 0.01 3.00 0.09 1.50 2.99

Total - 99.07 99.11 99.53 98.68 98.67 98.90 100.04 99.96 99.67 98.81

Normative minerals (weight percent)’

Ap ------ 1.95 0.77 1.94 0.95 1.93 0.55 1.99 1.25 221 1.96
| B 5.79 6.53 5.83 6.41 584 6.76 598 4.71 0.38 6.11
Mt ----—- 7.27 7.76 6.47 6.71 5.36 5.06 5.68 5.67 — 294
Or------—- 17.40 14.77 17.53 15.60 12.34 11.49 19.23 11.58 19.71 18.88
Ab ------ 18.42 29.08 18.42 2591 24.18 21.93 18.379 2.77 27.33 21.67
An ------ 17.18 18.39 21.12 21.38 26.59 26.53 19.426 19.10 13.58 19.83
Di----e-- 19.30 12.56 18.83 9.51 16.23 7.33 17.77 22.70 9.70 17.32
Hy ------ — 7.26 _— 112 0.04 9.51 —_ 0.69 —_ -
Ol ----mn- 3.09 — 4.30 — 525 — 6.08 9.12 5.20 6.53
Ne ------ 9.30 — 5.56 — — — 5.45 — 6.61 4.74
Q - — 2.86 — 231 — 778 —_ — —_ —
Hm ----- 0.30 — — 222 3.05 — 0.29 10.43 —_—

L Gravimetric determination for samples DS-1, DS-12, DS-Y2, and DS-6, H.M. Neiman, G. Mason, P.R. Klock, C. Stone, S. MacPherson, analysts. (2)
designates average of two determinations for unleached (R) samples. Calculation of value for sample D-D given in Daley and DePaolo (1992)

2For samples DS-1, DS-12, DS-Y2, Fe,0; value calculated: FeO gravimetric determination subtracted from total Fe determined by X-ray spectrography. For

sample A-M-A total Fe is given as Fe,0,.

3Analysis from Campbell and Schenk (1950); all oxides by gravimetric determination.

4Analysis from Alibert and others (1986); authors also report minor and trace element compositions, including rare earth elements. LI, loss on ignition.

SAnalysis TID-1 from Daley and DePaolo (1992); note that isotopic composition reported under this sample number was determined on an amphibole
megacryst (E. Daley, oral commun., 1993). Total given here omits Cr,0, (0.012 weight percent). LI, loss on ignition.

6 All norms calculated with program PETCAL, written by Richard Koch, U.S. Geological Survey.

alteration (table 4; analytical technique described in table
caption). The clinopyroxene grains are augite with high tita-
nium and iron contents (TiO,, 3.4 to 4.7 percent) and Mg-
ratios [Mg/(Mg+ZFe)] between 0.71 and 0.76.

Unleached samples are rich in CaO (9.1 to 9.7 per-
cent) and samples for which volatiles were determined are
also rich in CO, (1.9 to 3.0 percent), whereas both these
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components are reduced significantly in the leached equiv-
alents. Also, Al,O; and Na,O contents are reduced as
much as 1 percent by leaching. All leached samples con-
tain normative hypersthene+quartz and thus appear to be
subalkaline. Whether leached or unleached, samples of
dike matrix from location 13 (Y2R, Y2L, C-S and D-D)
all contain normative hypersthene.
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Table 3. Compositions of dike matrix—Continued.

B. Stable isotope compositions of carbonate in dikes, inclusions, and fanglomerate wallrocks.

Sample No. BC-C1 BC-C2 BC-C3 BC-C4 BC-Cs BC-C6 BC-C7
0 J— -3.97 -1.74 -5.62 0 +1.45 +0.61 +0.11
Fi 1 O L +34.73 +32.46 +38.58 0 +22.59 +20.79 42278
Yield (pct) -- 62.4 83.3 69.8 0 85.1 91.3 1.0

! Analyses by L.D. White, courtesy of LR, Barnes.

2 Analyses courtesy of J.R. O'Neill
Samples:
Cl—Fanglomerate 20 m from nearest dike. C4—Kaersutite megacryst.

C2—Amygdule in dike axis (exposure Z).
C3—Partly assimilated fanglomerate mass in dike.

We suggest that the subalkaline compositions reflect
either removal of important constituents by the leaching
or—in the case of location 13—unavoidable contamina-
tion by the ubiquitous inclusions, particularly by silicic
components. Because the compositions of leached samples
change from alkalic character toward compositions incom-
patible with the modal mineralogy, we suggest that most
of the CaO in matrix carbonate was derived from the dike
minerals by reaction with near surface waters and was not
added by alteration after intrusion. Therefore, removal of
carbonate by leaching samples before analysis produces
false matrix compositions.

The isotopic compositions of carbon and oxygen in
the matrix carbonate (table 3B) usually resemble values
ty]gical of sedimentary rocks (813C of +1.45 to -1.74;
8180 of +20.79 to +38.58). One carbonate sample from a
partly disaggregated clump of fanglomerate within the
dike segment near location 2 (fig. 1) produced a d13C of
—5.62, which resembles some values of carbonatite and di-
amond but also overlaps values reported from sedimentary
rocks. We suggest that this dike segment is now in equilib-
rium with ground water isotopic compositions as a result
of isotopic exchange during late-stage alteration at the
time of crystallization or during later weathering, or both.
If any of the carbonate originally had a mantle origin, as
suggested by M.O. Garcia (written commun., 1984), it
cannot now be discerned.

Basu (1978) determined 87St/%9Sr of 0.70399+.00008
for a leached sample of dike matrix, and Alibert and others
(1986) obtained a similar value of 0.703789+.000038; these
values resemble Sr-isotopic ratios of most alkali basalts.
Foland and others (1980) found a value of 0.70456 for
untreated whole rock and a value of 0.70316 for the same
rock after leaching with HCI; the Sr-isotopic composition
of the soluble fraction resembled that of CaCO; from
amygdules. Foland and others (1980) concluded that these
results are consistent with derivation of carbonate from

C5—Tuff breccia.
C6, C7—Amygdules in massive dike, vent area.

crustal sources, consistent with the near-surface characteris-
tics of stable isotopes that we report.

COMPOSITIONS OF MAFIC INCLUSIONS

Ultramafic and mafic xenoliths and megacrysts of
mantle origin are uncommon, but most are found in mafic
alkalic intrusions or ejecta (Ross and others, 1954). We
determined compositions of mafic megacrysts and miner-
als from mafic and ultramafic inclusions in the Black Can-
yon dikes to determine whether the mafic-ultramafic suite
derives from the same or a variety of mantle regions.

All analyzed megacrysts but one are kaersutite or cli-
nopyroxene grains, and most are from the roadcut at loca-
tion 13. Samples from a few other dikes were included for
comparison. Most of the clinopyroxene samples are black,
glassy, and have irregular shapes. We did not observe any
orthopyroxene megacrysts and none are reported in the lit-
erature. Two small kaersutite grains (matrix size) were ana-
lyzed for comparison with larger grains. From an intrusion
in the vent area, we found one olivine megacryst that was
fresh enough to analyze.

To test the hypothesis of FJ. Spera (written commun.,
1984) that some of the kaersutite particles could be phe-
nocrysts of the dike magma, we also sought amphibole
grains that could be identified as euhedral (having regular
outlines, uncontrolled by cleavage). We found five candi-
date euhedral grains during several traverses of every dike
segment in the three Black Canyon dike arrays; three of
these inclusions proved to be amphibole (EG, table 6) and
two are augites. In numerous thin sections, we saw no
compositionally zoned amphibole grains, such as those
mentioned by F.J. Spera (written commun. 1984).

Mafic to ultramafic xenoliths found in the Black Can-
yon dikes represent a variety of rock types and have vari-
ous textural relations:
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1. Altered lherzolite xenoliths are light-green granular
masses containing relatively fresh chrome-diopside and
brown orthopyroxene (tables 4, 5, and 7; see also Irving,
1977; Garcia and others, 1980). Some of the lherzolites
contain interstitial kaersutite, and we observed two com-
posite lherzolites with thin kaersutite veins. One analyzed
sample (BC-2-21, tables 5 and 6) contains a 1- to 5-mm-
wide vein of orthopyroxene-+kaersutite.

2. Red-brown altered olivine clusters (wehrlitic xeno-
liths) are altered olivine grains poikilitically enclosed by
black Ti-clinopyroxenetamphibole (possibly “pargasite
wehrlite” of Irving, 1977). Analyses of clinopyroxene and
amphibole from wehrlitic xenoliths are in tables 4 and 7,
respectively.

3. Al-augite pyroxenites are granular masses that may
also contain orthopyroxene and intergrown kaersutite (Irv-
ing, oral commun., 1982). We found small pyroxenite xe-
noliths but were unable to collect or analyze them.

4. Kaersutite grains poikilitically enclose biotite and
apatite grains (KPA, tables 6 and 9), in clusters that could
represent xenoliths or glomerophenocrysts. KPA aggre-
gates have been reported as glomerophenocrysts from oth-
er xenolith and megacryst localities (for example, Irving,
1974); such intergrowths are a well-known association in
veins and (or) pods in both alpine peridotites (Conquéré,
1970; Spray, 1982; Mukasa and others, 1991) and perido-
tite xenoliths in basalts (Wilshire and Trask, 1971; Best,
1974, 1975; Wilshire and others, 1980).

Complete analyses of kaersutites from the dike seg-
ment at location 13 have been published previously (table
8) by Campbell and Schenk (1950), Garcia and others
(1980), and Boettcher and O'Neill (1980). Irving (1977),
Basu (1978), and Foland and others (1980) published par-
tial analyses of a wide range of megacrysts.

OLIVINE

The granular olivine cluster analyzed (table 9) lacks
strain lamellae and probably is a recrystallized megacryst.
Because of the widespread alteration, ours is the only oliv-
ine analyzed from the Black Canyon dikes. The forsterite
content of this sample (Fo,9; Ca0, 0.35 percent) is near the
middle of the range (Fo, to Fog,) reported for olivine
megacrysts from alkalic lavas in the western United States
and worldwide (Binns and others, 1970; Wilkinson, 1975;
Fodor, 1978). However, chemical compositions of xeno-
cryst and phenocryst olivines may be indistinguishable; for
example, Wilkinson (1975) reported an alkalic sill that con-
tains an olivine xenocryst with Fo;; g to Fogs g, Ti-augite-
bearing peridotite nodules with olivine compositions of
Fo7¢ 4 to Fogs ¢, and groundmass olivine of Fo; g to Fogg.

PYROXENE

Peridotite xenoliths of the inclusion suite contain both
diopsidic and augitic clinopyroxenes, whereas all clinopy-

roxene megacrysts are Ti-augites (table 4). In the pyroxene
quadrilateral (fig. 15), clinopyroxenes from lherzolite xe-
noliths in the Black Canyon dikes are diopside to subcal-
cic diopside. Compositions of poikilitic clinopyroxene
grains in wehrlitic xenoliths overlap the megacryst compo-
sitions, and both the poikilitic grains and the clinopyrox-
ene megacrysts have trends from diopside toward Fe-
enriched augite (fig. 15; table 4).

The distinction between lherzolite and wehrlite cli-
nopyroxene compositions persists for important nonquadri-
lateral components (table 4). Diopsides from lherzolite are
chrome-rich (0.46 to 1.1 percent Cr,O3) and low in Ti and
Al (0.31 to 0.71 percent TiO,; 4.3 to 6.1 percent Al,O3).
Poikilitic clinopyroxene grains have low chrome contents
(0.13 to 0.16 percent CryO3) but high Ti and Al contents
(TiO,, 0.71 to 2.0 percent; Al,O3, 4.5 to 8.1 percent). In
contrast, chrome contents of clinopyroxene megacrysts are
moderate (0.30 to 0.57 percent Cr,03), and ranges of Ti
and Al values are relatively restricted (TiO,, 1.7 to 2.0
percent; Al,O3, 7.2 to 8.0 percent). The large composition-
al range of Ti and Al in poikilitic clinopyroxenes fills the
gap between the compositions of megacrysts and grains in
Iherzolite.

Roden and Shimizu (1989) reported an even larger
range in TiO, content (1.9 to 4.4 percent) for clinopyrox-
ene grains from xenoliths with refractory compositions
(Group I) collected from Black Canyon (“Hoover Dam”)

En. w

Figure 15. Quadrilateral components of pyroxene minerals in
the Black Canyon dikes (calculated values of Wollastonite
(Wo), Ferrosilite (Fs), and Enstatite (En); data from tables 4
and 5); shaded area shows location of plot volume between En
and Di (Diopside) in pyroxene composition triangle. Mineral
symbols: dots, clinopyroxene megacrysts; triangles, clinopy-
roxene in lherzolite; open squares, poikilitic clinopyroxene in
wehrlitic xenoliths; filled squares, orthopyroxene in lherzolite;
diamond, orthopyroxene in vein of composite xenolith sample
BC-2-21 (table 5).
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Table 8. Published compositions of Black Canyon kaersutite megacrysts.

[n.d., not determined; —, not calculated]

Sample No. cis! BC-2-242 13 13492433 106434° HD-1* HD-2* HD-3*
Analyses (weight percent oxide)
Si0, ----------- 41.46 403 40.46 40.55 40.36 40.1 39.5 402
ALO 3 - 14.24 14.3 13.77 14.59 14.35 142 14.1 14.1
Fe,03--—--- 3.32 nd. nd. nd. nd. nd. n.d. n.d.
10— 5.70 n.d. nd. n.d. nd. nd. nd. nd.
FeO®©'S 8.69 83 8.98 8.63 8.69 79 9.7 8.3
MgO --—-eeeeee 13.68 14.0 13.00 13.74 13.58 14.3 132 14.0
Ca0 ----m-eeeee 11.62 11.0 11.32 11.03 10.93 114 11.5 11.5
Na,O -----mm-- 229 2.6 2.51 2.53 2.47 2.5 2.6 2.6
(o Jrmm—— 1L.72 20 1.95 1.96 2.00 19 1.9 1.9
TiO 5 ---------- 570 57 5713 578 5.49 5.7 55 5.6
MnO ---------- 0.08 0.1 n.d. 0.14 nd. 0.14 0.16 0.13
CryO3---—--- nd. 0.1 n.d. nd. nd. 0.19 0.03 0.03
Total ----- 99.81 98.4 97.85 99.03 97.96 98.33 98.19 98.36
Mg ratio=
Mg/(Mg+SFe) 74 a5 72 74 74 76 1 75
Amphibole structural formula—23 oxygens
593 5.86 594 5.87 5.90 5.84 5.82 5.86
207 2.14 2.06 2.13 2.10 2.16 218 2.14
0.33 0.32 033 0.36 0.38 0.27 0.26 0.28
2.40 2.46 2.39 2.49 2.48 243 244 2.42
1.04 1.01 1.10 1.04 1.06 0.96 1.19 1.01
292 3.04 2.84 2.96 2.96 3.10 2.90 3.04
Mn oo 0.10 0.01 — 0.02 — 0.02 0.02 0.02
Ti--mmmmmmmmeeen 0.61 0.62 0.63 0.63 0.60 0.62 0.61 0.61
@ — 0.01 — — —_ 0.02 0.00 0.00
Qa e 1.78 1.71 1.78 1.71 Ln 1.78 1.81 1.80
Na --meeeemmeee 0.64 0.73 0.72 0.71 0.70 0.70 0.74 0.73
K ---eeemeeeeen 031 0.37 0.36 0.36 0.37 0.35 0.36 0.35
Papike A/R” - A A R A A A R R

! Campbell and Schenk (1950): wet-chemical analysis of kaersutite megacryst. Data are presented as anhydrous and FeO™ calculated
for comparison with microprobe analyses. Total calculated using values for FeO and Fe, 0.

2Boettcher and O'Neill (1980): microprobe analysis of kaersutite megacryst.

3Garcia and others (1980): microprobe analyses of three kaersutite megacrysts.

‘Al Irving (1982) written commun.: microprobe analyses of kaersutite megacrysts.

5Total Fe expressed as FeO.

STotal Al values for comparison with those in tables 6-7 and plotted in figure 16 A; these data are not plotted.
7 Analysis accepted (A) or rejected (R) by Papike and others (1969) screen for amphibole probe analyses. All "R" analyses listed were
rejected on the basis of one criterion and are indistinguishable from "A" analyses.

dikes. These values are mostly higher than the highest
TiO, compositions found by us, either for clinopyroxene
megacrysts or clinopyroxene in xenoliths. Roden and
Shimizu (1989) also show high contents of strontium and
rare earth elements (REE) in clinopyroxenes with REE
patterns that are variably enriched or depleted in light rare
earth elements (LREE) compared to heavy rare earth ele-
ments (HREE).

All clinopyroxenes in table 4 have compositions char-
acteristic of high-pressure origin, notably high values of
Ca-Tschermak's molecule: 15 to 19 percent in diopsides,
13 to 24 percent in poikilitic grains of wehrlite, and 16 to

27 percent in megacrysts. The poikilitic clinopyroxenes
have compositions intermediate between Cr-diopside and
augite megacrysts (table 4).

Orthopyroxene compositions show less variation (ta-
ble 5; fig. 15) than clinopyroxene. Orthopyroxene grains
intergrown with kaersutite in the vein of lherzolite xeno-
lith BC-2-21 are slightly richer in Fe and poorer in Cr
than grains from other lherzolite xenoliths. TiO, contents
of orthopyroxenes in the three lherzolite samples (table 5)
range from 0.08 to 0.37 percent, and orthopyroxene in the
vein of sample BC-2-21 (table 5) has a TiO, content with-
in this range (0.17 percent).
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Table 9. Compositions of phlogopite and olivine.

{n.d., not determined]
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Olivine
Phlogopite grains (P) intergrown with kaersustite and apatite in kaersutite-phlogopite-apatite cluster megacryst
(KPA) (OM)
Sample No. KPA-P1 KPA-P2 KPA-P3 KPA-P4 KPA-PS KPA-P6 KPA-P7 OM
Analyses (weight percent oxide)
353 35.1 353 351 35.0 35.0 35.0 389
15.7 15.8 15.6 158 15.8 15.6 15.6 nd.
16.3 16.3 163 16.5 16.4 163 16.2 194
11.4 114 114 11.4 11.3 11.3 11.3 41.5
0.15 0.15 0.14 0.14 0.16 0.15 0.13 032
0.78 0.82 077 0.77 0.77 0.76 0.76 nd.
8.6 8.7 8.6 8.7 8.7 8.6 8.6 nd.
9.8 9.7 9.7 9.8 9.8 9.8 9.9 nd.
0.15 0.14 0.14 0.14 0.14 0.14 0.13 024
0.031 0.031 0.033 0.025 0.032 0.026 0.030 n.d.
nd. nd. nd. nd. nd. nd. nd. 0.12
0.004 0.000 0.001 0.001 0.001 0.001 0.002 n.d.
98.22 98.14 97.98 98.38 98.10 97.68 97.65 100.48
Mg ratio=
Mg/(Mg+SFe) .56 .56 .56 .55 55 55 .55 2F079
Na,O0/K ,0 ---- .089 .094 .090 .088 .088 .088 088 nd.
Structural
formula : 22 oxygens 4 oxygens
5.2 52 52 5.1 5.1 52 52 1.0
2.7 2.7 2.7 2.7 27 2.7 2.7 nd.
2.0 20 2.0 2.0 2.0 2.0 2.0 0.42
25 25 25 25 25 25 2.5 1.6
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.005
nd. nd. nd. nd. nd. nd. nd. 0.002
1.1 1.1 1.1 1.1 1.1 1.1 1.1 nd.
0.004 0.004 0.004 0.003 0.004 0.003 0.003 nd.
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.008
0.22 023 022 0.22 0.22 0.22 022 nd.
1.6 1.6 1.6 1.6 1.6 1.6 1.6 nd.
Foeormoremeeee 0.001 0.000 0.000 0.000 0.000 0.000 0.001 nd.
Total Fe expressed as FeO.
2Fo=Mg ratio x 100.
3Total aluminum ions,
AMPHIBOLE

M.F. Roden (written commun., 1992) has found a
much smaller range of TiO, (0.06 to 0.21 percent) and
Al,O;3 values for orthopyroxene grains in analyses of
Black Canyon xenoliths than we report (we found 3.2 to
5.0 percent Al,O5 in the three samples, whereas Roden
found 4.4 to 5.6 percent Al,03). We also found higher val-
ues of MgO (as much as 33.4 percent, compared to 32.8
found by Roden). For other oxides, Roden's orthopyroxene
data have larger ranges that completely overlap the values
reported in table 5. However, compared to either set of
xenolith data, orthopyroxene grains in the kaersutite vein
of xenolith BC-2-21 are higher in FeO (7.0 percent).

We analyzed 76 amphibole samples from xenoliths and
megacrysts (table 6) with an electron microprobe. To avoid
bias in favor of large or small grains or of position relative to
the dike walls, hand samples were taken at measured inter-
vals from exposures X, Y, and Z (location 13). Whole or parts
of 58 megacrysts were selected randomly from these samples
for the analyses. In polished thin sections made from samples
of zones 3, 4, and 5, all mafic mineral grains were traversed
with the electron beam to test the possibility of compositional
zoning. All analyzed amphiboles were homogeneous.
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Interstitial amphiboles in peridotite xenoliths (table 7)
are pargasite (low Ti-values and high Mg ratios). All other
amphibole samples from xenoliths, including those in the
KPA cluster (fig. 16A and B; table 6), are kaersutite (defi-
nition of Leake, 1978) with at least 0.5 Ti atoms per for-
mula unit. Black Canyon amphibole megacrysts form a
chemically coherent group (figs. 16A through C). Compo-
sitions from samples of apparently euhedral megacrysts
and those of matrix-size grains in thin sections (AM?7,

RS 4

R v
oy, 20

0 1 1 1 1
22 24 26 28

TOTAL Al ATOMS

CryO3 (WEIGHT PERCENT)
o o b
-] (-]
T T
>
>
> N>
L 4
>

04
02 “l g
o1 1 1 L 17 4
125 13.0 135 140 145 15.0 155
Al,O3 (WEIGHT PERCENT)

Figure 16. Amphibole compositional variations. A, plot of struc-
tural Al and Ti (after Best, 1974, 1975). B, Mg-ratio and TiO,. C,
variations of Cr,O3 and AlO;. Symbols: inverted triangle,
megacrysts, including supposedly euhedral grains and matrix-
sized grains; circle with x, fused grain (altered megacryst); filled
diamond, kaersutite in wehrlitic xenoliths; large open circle,
kaersutite in kaersutite-phlogopite-apatite (KPA) aggregate; small
filled dot, vein; upright triangle, lherzolite xenoliths.

table 6) are well within the compositional range of plotted
parameters for all amphibole megacrysts.

Similar data plotted by Best (1974) show that amphi-
bole megacryst compositions worldwide have Ti values of
0.3 to 0.7 atoms per formula unit and Al values from 1.9
to 2.8 atoms per formula unit (fig. 164). Compositions of
megacrysts from Grand Canyon localities alone occupy
nearly the entire range of amphibole megacryst Ti values
(Best, 1974). By comparison, all but three Black Canyon
kaersutite analyses fall into a restricted compositional
range: Ti from 0.61 to 0.67 and Al from 2.4 to 2.6 atoms
per formula unit (fig. 16A). Kaersutite grains from the vein
of xenolith BC-2-21 (table 6; small dots, fig. 164 through
C) have compositions indistinguishable from most am-
phibole megacrysts.

Figure 16B displays Mg ratio plotted against TiO,
content (as weight percent) for all analyzed Black Canyon
amphibole samples. Of the 61 megacryst compositions
plotted, most are anhedral grains or cleavage fragments;
however, three were selected because they appeared to be
euhedral (table 6; fig. 16B). All megacryst samples but one
have Mg ratios between 0.64 and 0.76. TiO, values for
most megacrysts are bracketed between 5.5 and 6.0, al-
though analyses of Black Canyon megacrysts from the lit-
erature range to as much as 6.3 TiO, (table 8).

Three megacryst samples plotted in figure 16B have
TiO, values much lower than the dominant range (4.8 to
5.0) and markedly high contents of Fe. Two of these low-Ti
megacrysts (circle with x, figs. 16A through C) are parts of a
single fused grain; thus, the Mg ratios of 0.67 and 0.68, and
TiO, values of about 4.0 weight percent probably represent
compositions that were altered by reaction in the magma.
The other megacryst with low contents of Ti and Mg is from
the contact zone; it has very high Al,O3 and also may have
undergone partial melting, dissolution, or reaction.

Amphibole grains intergrown with phlogopite and ap-
atite (KPA, table 6; large open circles, figs. 164 through
C) have Ti values and contents of Al;O3 and CryO5 simi-
lar to megacrysts, but are distinguished by markedly low
Mg ratios (0.55 to 0.56) compared to megacrysts. There-
fore, the KPA grains do not resemble interstitial pargasite
from lherzolite xenoliths (filled diamonds, figure 16A
through C), which have high Cr,O; and Al,04 relative to
megacrysts.

Megacrysts vary more widely than other amphiboles
in Al,O; content (14.3 to 15.7; fig. 16C), at low values of
CryO3 (0.20 to less than 0.01). The alumina contents of
poikilitic amphibole in wehrlitic xenoliths are lower and
more restricted than megacrysts, but the Cr,O5 values vary
from slightly higher than megacrysts (0.23) to ones higher
than Therzolite amphiboles (0.99).

Figure 17 shows the compositions of amphibole mega-
crysts plotted against position in the dike segment at loca-
tion 13 (table 1). The average compositions of three
anhedral and two euhedral kaersutite grains from other
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dikes of the swarm are included for comparison. The
megacrysts are essentially uniform in Al and Cr across the
zones of the dike, and all other compositional variations
show no correlation with position in the dike.

One small amphibole grain in the contact zone is
markedly different from the bulk of megacrysts in Al and
Ti values and Mg ratio. However, other zones contain am-
phiboles with similar low Mg ratios—all these grains are
fused and probably were altered by reaction with the mag-
ma, as discussed above. Other than this grain, Ti- and Al-
values show little variation across the width of the dike.
Chrome contents and Mg ratios vary most widely in zones
3 and 4, probably owing to the larger number of analyzed
grains, which reflects the greater abundance of grains in
these zones (fig. 13B).

Basu (1978) determined K, Rb, Sr, and Ba contents
and Sr-isotopic ratios for a Black Canyon kaersutite mega-
cryst and part of the surrounding dike matrix. The potassi-
um content determined by Basu (1978) (1.6 weight
percent K,0) is within the range of microprobe determina-
tions in our study (range 1.3 to 2.0 weight percent K,0)
for megacrystal and xenolithic kaersutites. A kaersutite
megacryst from Black Canyon analyzed by Irving and
Frey (1984) is relatively enriched in LREE compared to
HREE and has a chondrite-normalized LREE/HREE value
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Figure 17. Variations of amphibole (kaersutite) compositions plot-

ted against distance across the width of the dike at location 13 for
exposures X, Y, Z; compared to amphibole megacrysts from other
Black Canyon dikes and grains that appeared euhedral. Symbols:
inverted triangles, kaersutite megacrysts from location 13;
squares, megacrysts from other dikes; circles, euhedral grains.
Abscissa location of symbols for other dikes is not significant.

of about 3.0. Sr-isotopic ratios for two Black Canyon
kaersutite megacrysts are 0.70275£0.00005 (Basu, 1978)
and 0.70273 (Foland and others, 1980). These values from
different laboratories are in remarkable agreement and are
comparable to the ratios of mantle-derived kaersutites
worldwide (Basu, 1978). An amphibole analyzed by Daley
and DePaolo (1992) has a gyy value of +6.4 and Sr-isoto-
pic ratio of 0.70293, which is slightly higher than those of
the megacrysts analyzed by Basu (1978) and Foland and
others (1980), but much lower than values for dike matrix.

OTHER MINERALS

Seven analyzed phlogopite flakes (table 9) in the KPA
cluster (table 6) have constant TiO, contents of 9.8 weight
percent and Mg ratios between 0.39 and 0.55. Thus, all the
mica compositions lie within the range reported by Irving
(1977) and are similar to those from secondary phlogo-
pites in peridotites (Boettcher and O'Neil, 1980). Although
we did not analyze feldspars, some may be of high-pres-
sure origin; for example, Irving (1977) analyzed titano-
magnetite and sodic plagioclase (oligoclase-andesine)
megacrysts from the dike segment at location 13. Foland
and others (1980) reported anorthoclase megacrysts that
have a range of 875r/36Sr between 0.70298 and 0.70396.
The higher isotopic ratio of strontium is similar to that de-
termined by Foland (1980) for Black Canyon dike matrix
(see above); thus, the anorthoclase could have crystallized
from the dike magma under high pressure conditions.

DISCUSSION

FORMATION OF THE BLACK CANYON
VENT AREA

Geologic and magnetic mapping indicate that an erup-
tive center formed at the south end of the Black Canyon
dike arrays. Lava flows are absent or are of relatively
small volume in the vent area; also, fragments of scoria-
ceous basalt are rare, and no cinder horizons are interbed-
ded either in fanglomerate or tuff breccia. These
observations imply that the volume of magma was too
small or conduit pressures were too low to sustain lava
fountaining.

Many lines of evidence, such as the mixtures of fan-
glomerate and rapidly chilled, fragmented magma in the
tuff breccia, accretionary lapilli in layered tuff breccia, and
pépérite zones in the tuff breccia adjacent to some dikes
indicate a wet depositional environment. Therefore, the
tuff breccia may be the product of one or more
phreatomagmatic eruptions, caused by basaltic magma in-
trusions into a relatively watery part of the fanglomerate
deposit. However, no maar-bed deposits are preserved in
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the vent area; therefore, the eruptions were not especially
violent.

The tuff breccia, fanglomerate, and tuff-fanglomerate
contacts are intruded by dikes and sills; thus, intrusion con-
tinued after eruption of the tuff breccia, emplacing multiple
intrusions or a large intrusive mass that our magnetic sur-
vey indicates must be present at depth. Our field observa-
tions show that several distinct dikes with a range of
magnetic susceptibilities crop out at the surface; therefore,
we conclude that the magnetic source in the vent area con-
sists of many intrusions with variable magnetizations.

Multiple injections of alkalic magma into a small area of
venting characterize the process of diatreme formation
(Dawson, 1967). Diatremes are very deeply rooted struc-
tures with complex internal relations produced by violent
eruptions, which are driven by high pressures from deep
crustal or upper mantle levels. In the Black Canyon vent
area, features such as accretionary lapilli in layered tuff
breccia and the steep contacts between eruptive-intrusive
units and the country rock in the southern part of the area
support a possible origin of the vent area as a protodiatreme.

The composition of the dikes and the presence of
mantle xenoliths support derivation of the dike magmas
from the mantle, but no features of deposits or their con-
tacts at the Black Canyon vent area indicate that eruptions
were driven by the extremely high pressure of a deep-seat-
ed source. Instead, as noted above, we see evidence for a
relatively few phreatomagmatic eruptions in the vent area.
If the dikes were injected directly from mantle levels,
some deficiency—either of magma volume or pressure, or
both—limited intrusive and eruptive events. We conclude
that the vent area formed from explosive interaction be-
tween intrusive magma and water-bearing sediments near
the surface. The abundance of volatiles in the host rock
may have localized or even initiated eruptive activity.

STRUCTURES AND INTRUSIVE PROCESS OF THE
DIKE ARRAYS

North of the vent area, the localized magnetic expres-
sions of the dikes indicate that they are not underlain by
larger magmatic masses. No eruptive deposits crop out in
association with the dike arrays, nor have we seen any de-
posits interbedded in fanglomerate. The marked relief of
dike exposures in washes, gaps in outcrops of continuous
dike segments on ridge tops, the common presence of fan-
glomerate wall-rock inclusions and of vertical joints relat-
ed to an upper cooling surface suggest that the present
erosional surface is close to the upper contacts of the dike
segments.

The northeastern dike at Shiprock, New Mexico, stud-
ied in detail by Delaney and Pollard (1981), provides a
good model for interpreting the outcrop pattern of Black
Canyon dike segments. Deflection of dike tips between

offset segments and bulbous swellings are observed at
both localities. Delaney and Pollard (1981) showed that tip
deflections are produced by mutually interfering stress
fields localized around the intrusive tips. These stress
fields interact because the dike segments were all intruded
virtually simultaneously and do not each represent dis-
crete, independent conduits connected to a magma source
in the deep crust or upper mantle.

In the idealized dike depicted by Delaney and Pollard
(1981; fig. 5), each segment is a sheetlike extension that
merges downward into a main dike. The main dike grows
by sending out these smaller extensions (or “fingers”—
Baer and Reches, 1987) into the country rocks above or
ahead of the main magma conduit. If the pressure and sup-
ply of magma are maintained, the magma extensions may
coalesce by dilation of the country rocks, and this causes
the conduit to grow laterally and upward (Delaney and
Pollard, 1981). If the uppermost extensions never coa-
lesce, the cooled dike consists of a main tabular sheet of
crystallized magma with subordinate sheets projecting
from many sites (fig. 5).

Like the bulbous swellings of the Black Canyon dikes,
“buds” (Delaney and Pollard, 1981) at Shiprock are locat-
ed at sites where brecciated country rock is seen in the
dike. According to Delaney and Pollard (1981), the dike
formed buds by abrasion erosion and brecciation of wall
rocks during intrusion, a process that allowed the magma
conduit to increase in width. Delaney and Pollard (1980)
also suggested that plugs related to the northeastern
Shiprock dike probably originated as bulbous swellings or
buds, which enlarged enough to become volcanic vents.
Buds also might be sites of dike branching (Delaney and
Pollard, 1981).

Using the model of Delaney and Pollard (1981), the
Black Canyon dikes probably constitute as few as three
different intrusive sheets. Dike segments between locations
1 and 6 (fig. 1) are related to a main northeastern dike,
segments between locations 7 and 11B are upper parts of a
northwestern dike, and segments at locations 12 and 13 and
south of Highway 93 are all extensions from the third dike.

Other than in the vent area discussed above, the Black
Canyon dikes have no observable branches or vents, prob-
ably because all exposures are so close to the preerosional
surface. Bulbous swellings clearly formed from the incor-
poration of easily eroded fanglomerate masses by dike
magma (fig. 14). With only one exception, all internal
chilled zones are adjacent to pods of incorporated fan-
glomerate. If bulbous swellings initiate plugs, which are
eruptive vents, as concluded by Delaney and Pollard
(1981), the evidence of that relation remains unexposed
beneath the vent area. Although the magnetic anomaly
over the vent area could be caused by a plug, we prefer to
interpret the source of the anomaly as many smaller intru-
sions of variable magnetization, because this relation is
observed in outcrops.



DISCUSSION 27

Our study found no definitive evidence of the likely
sequence of intrusive and eruptive events. Campbell and
Schenk (1950) suggested that the Black Canyon vent area
formed after injection of the dike swarm, but the evidence
does not preclude the possibility that intrusions and phre-
atic eruptions formed the vent area first, after which intru-
sion shifted to the north.

Measurement of directional indicators of dike propa-
gation is limited by the degree of exposure (Delaney and
Pollard, 1981). Features such as “cusps” (fig. 5; Delaney
and Pollard, 1981), or grooves in wallrock at the dike con-
tacts (Baer and Reches, 1987) may be used to determine
propagation direction for a swarm. However, features such
as cusps must be exposed below the level of the magmatic
extensions to be reliable, and the wall rocks must be cohe-
sive enough to preserve measurable striations. None of
these requirements is fulfilled at Black Canyon.

If inclusion concentrations and the symmetrical ar-
rangement of inclusion sizes in the Black Canyon dikes are
due to flow sorting (see below), the longitudinal coales-
cence of disaggregated fanglomerate into the conduit axis
of the dike segment at location 3 can be interpreted to sup-
port a south to north flow of magma in that dike segment.
The limited value of this speculation is further constrained
by the lack of exposure. Propagation directions may also be
inferred from fanning of the dike system (Baer and Reches,
1987), but this inference is statistically based and requires a
larger number of exposed dike segments and arrays than we
can find in the Black Canyon area.

ORIGIN OF THE MAFIC-ULTRAMAFIC
INCLUSION SUITE AND HOST MAGMA

Principal features that support a deep origin for mafic
inclusions in the Black Canyon dikes include (1) the pres-
ence of kaersutite megacrysts in association with magne-
sian peridotite xenoliths, including kaersutite-bearing
types; (2) intergrowths of kaersutite and aluminous clino-
pyroxene; (3) the overwhelming abundance of cleavage or
irregular anhedral shapes among the kaersutite crystals;
and (4) melting or fragmentation of kaersutite megacrysts
in the host basalt. The absence of correlation between
megacryst compositional variations and positions of the
analyzed samples in the dike at location 13 shows further
that crystallization differentiation did not occur in place.

The compositions of mafic megacrysts in the Black
Canyon dikes, especially of kaersutite and associated py-
roxene, are comparable with those reported for high-pres-
sure megacryst suites worldwide (Wilshire and Trask,
1971; Best, 1974; Irving, 1974, 1977). The association of
kaersutite and Fe-rich aluminous pyroxene with peridotite
and Al-augite-bearing xenoliths in the Black Canyon dikes
and tuff breccia is common at xenolith-megacryst locali-
ties elsewhere in the world (for example, Wilshire and

Binns, 1961; Best, 1970, 1974; Irving, 1974; Wilkinson,
1975; Wilshire and Shervais, 1975; Wass, 1979; Wilshire
and others, 1980). The presence of this association in the
Black Canyon suite further supports the idea of a common
origin for the mafic megacrysts and xenoliths (Wilshire
and Trask, 1971; Best, 1974; 1975; Irving, 1980; Wilshire
and others, 1988).

Kaersutite and kindred high-pressure mafic minerals in
basaltic lavas may form either from crystallization in the
host magma at high pressure (“high-pressure pheno-
crysts”—Binns, 1969; Green and Hibberson, 1970; Binns
and others, 1970; Wilkinson, 1975; Wass, 1979) or may be
accidental inclusions from the fragmentation of polycrystal-
line aggregates (dikes or veins) already present in the man-
tle (Best, 1970; Wilshire and Trask, 1971; Irving, 1974).
The shapes, reaction textures, and compositions of the maf-
ic megacrysts, as well as the isotopic disequilibrium be-
tween kaersutites and dike rock at the Black Canyon
locality (Basu, 1978; Foland and others, 1980), indicate
that these amphiboles are not cognate to the magma and
thus are xenocrysts.

Clinopyroxene megacrysts are of low abundance in the
inclusion suite compared to kaersutites, and the composi-
tional variation between clinopyroxenes of the megacryst
suite and poikilitic grains in wehrlitic xenoliths is not as
well delineated. Because clinopyroxene megacrysts have
compositions that overlap the poikilitic grains in peridotite,
they could have a common origin. Therefore, clinopyrox-
ene megacrysts might be either xenocrysts or high-pressure
phenocrysts.

Campbell and Schenk (1950) classified the dikes as
camptonite because they assumed that the large kaersutite
grains crystallized in place. According to Sgrenson (1974),
camptonite is an intrusive alkali gabbro containing cognate
sodic amphiboles, titanaugite, and biotitetolivine. Howev-
er, the Black Canyon dikes do not fit these criteria because
the amphiboles are neither sodic nor cognate. We prefer to
classify the dikes by the compositions of matrix and the
main matrix minerals, Ti-augite and olivine. These miner-
als, the norms of unleached rocks, and the isotopic compo-
sition of matrix samples are all characteristic of alkali
olivine basalt. Therefore, alkali olivine basalt probably is
the best petrologic designation for the dike rocks.

Mantle xenoliths of the inclusion suite, as well as the
isotopic composition of the matrix (Basu, 1978; Foland and
others, 1980) indicate a mantle origin for the Black Canyon
alkali olivine basalt magma. Numerous studies (for exam-
ple, Frey and Green, 1974; Hutchison and others, 1975;
Wass and others, 1980; Boettcher and O'Neil, 1980) have
shown that alkali basalts cannot be produced by the melting
of anhydrous peridotites with compositions similar to the
most common xenolith types in suites from either kimber-
lite or basalt. At least one precursory event must add the
incompatible elements—such as Na, K, and Ti and minor
elements such as U, Th, and LREE—to parental mantle
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peridotite in order for it to produce basaltic magma from
partial melting.

Geochemical studies of xenoliths show that magnesian
mantle peridotites can become enriched in incompatible
trace elements by metasomatism and remain relatively re-
fractory in major-element composition (for example,
Kempton, 1987; McDonough and Frey, 1989). Composite
xenoliths of peridotite in contact with kaersutite- or biotite-
rich rocks, Al-augite pyroxenite, and hybrids of these litho-
logic types have been shown to be mafic intrusions in peri-
dotite (Wilshire and Shervais, 1975; Irving, 1980; Wilshire
and others, 1980; Menzies and others, 1985; Nielson and
others, 1993). These intrusions represent mantle magmas
that locally metasomatized peridotite wall rock, enriching it
in incompatible elements, before generation of the xenolith
host basalt. Xenolith-megacryst suites, including composite
xenoliths and megacrysts with compositions similar to
those of minerals in mantle intrusions, are found (1) in
Arizona at the north rim of the Grand Canyon (Best, 1974,
1975) and in the San Carlos and Four Corners areas
(Wilshire and others, 1988), (2) in New Mexico at Kil-
bourne Hole (Wilshire, Schwarzman, and Trask, 1971; Irv-
ing, 1980; Roden and others, 1988), and (3) in California at
Dish Hill, Deadman Lake (Wilshire and Trask, 1971;
Wilshire and others, 1980; Nielson and others, 1993), and
the Cima volcanic field (Wilshire and others, 1991).

Although the most abundant high-pressure inclusions
in the Black Canyon dikes are amphibole xenocrysts and
relatively minor peridotite xenoliths, the origin of mega-
crysts from a source within mantle peridotite is shown by
(1) olivine-rich xenoliths that contain interstitial amphibole,
(2) a composite sample with a thin kaersutite vein, and (3)
reports of amphibole-bearing pyroxenites (A.J. Irving, writ-
ten commun., 1983). Clinopyroxene compositions from
Group I Black Canyon xenoliths have widely variable con-
tents of incompatible elements, including the LREE (Roden
and Shimizu, 1989). Such wide variations can occur in re-
gions where LREE-enriched magma intruded and locally
metasomatized refractory peridotite (Wass and others,
1980; Reisberg and Zindler, 1986; O'Reilly and Griffin,
1988; Nielson and others, 1993). The kaersutite xenocryst
analyzed by Irving and Frey (1984) is relatively enriched in
LREE and could represent a metasomatizing melt. There-
fore, the mafic-ultramafic suite of inclusions in Black Can-
yon dikes could be derived from a mantle source analogous
to ones rich in pyroxenite xenoliths, such as Lunar Crater,
Nevada (Bergman and others, 1981).

We conclude that the physical and chemical evidence
strongly suggests that the xenocryst-xenolith suite in Black
Canyon dikes probably came from a region of peridotite
that had been invaded locally by a large volume of hydrous
alkali basalt magma. The magma crystallized to form a
dense complex of kaersutite-rich pyroxenites and horn-
blendite dikes and veins (O'Reilly and Griffin, 1988; Griffin
and others, 1988; Nielson and others, 1993). Similar to out-

crops of hornblendite rock types in the peridotite massif at
Lherz, France (Conquéré, 1970). Coarse-grained dikes
probably were broken up by the later dike magma, thus
producing the large kaersutite xenocrysts that are found in
the Black Canyon dikes.

ORIGIN OF ZONING AND INCLUSION
DISTRIBUTION PATTERNS

ZONING

Our observations of all the dikes in Black Canyon ar-
rays show that the “zoning” described by Campbell and
Schenk (1950) is a rare combination of features that are all
present coincidentally in the dike segment at location 13
and are all oriented parallel or nearly parallel to the longi-
tudinal contacts and axial planes of dikes. These features
include alternating fissile and massive matrix-structure
zones that change in position and symmetry along strike,
elongation of tabular vesicles, and preferred orientation of
tabular matrix grains and inclusions. Flow banding (fig.
10), chilled internal zones, and incorporated fanglomerate
masses are the only notable internal features of the Black
Canyon dikes that are not seen in the exposures at location
13. The dike segment at location 13 also contains abun-
dant inclusions (including rare clasts from the fanglomer-
ate) that are concentrated in the dike axial zone and are
sorted symmetrically, by size, about the axis.

We believe that the alternations of matrix fissility and
the alignments of tabular vesicles and xenocrysts are the
preserved patterns of magma flow during intrusion. Platy
or elongate rock fragments, bubbles, and crystals being
carried in the magma were oriented within the longitudinal
flow planes. The constant matrix grain size across the dike
segment at location 13 suggests that all internal zones
cooled at the same rate after the magma had stagnated.
Shear planes present in the last stage of intrusion became
flow banding or longitudinal joint planes as the rate of
flow decreased and cooling began.

Three or more symmetrical, regularly alternating
zones are rarely observed in the Black Canyon dikes;
these zones probably represent stable laminar-flow regimes
that persisted only locally within individual dike segments.
Enlargement of the magma conduit by erosion of fanglom-
erate wall rock promoted development of turbulent-flow
vortices. Bulbous swellings grew at the sites of erosion.
When the vortices cooled, they were preserved as curved
joint planes.

INCLUSION CONCENTRATIONS AND SIZE SORTING

Campbell and Schenk's (1950) hypothesis and other
similar hypotheses about the origin of the supposed zoning
in the dike segment at location 13 are all based on the
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distribution and size sorting of inclusions. The interpreta-
tion of Campbell and Schenk (1950) that the kaersutites
crystallized in place is clearly refuted by the composition-
al data summarized above. An alternative idea is that the
zones at location 13 formed from multiple injections of
magma into established dike conduits (F.J. Spera, written
commun., 1984), but this hypothesis is not substantiated
by the structural and textural relations we recorded in all
other Black Canyon dike segments.

Black Canyon dike segments contain axial inclusion
concentrations only where inclusions are abundant. Seg-
ments with relatively few inclusions show no particular
distribution of particles or particle sizes with respect to
structural zones. All exposed dike tips and most chilled
margins are relatively barren of inclusions. The original
dike crests are either eroded or unexposed, but they proba-
bly were wedge shaped, like dike tips. At location 13,
kaersutite grains are the most numerous inclusions, but the
three other segments with axial inclusion concentrations
have populations in which fanglomerate clasts predomi-
nate. These relations, as well as Delaney and Pollard's
(1981) study of the northeastern Shiprock dike, lead us to
conclude that masses of fanglomerate country rocks were
eroded by the intruding magma and incorporated into the
Black Canyon dikes through the large surface area at the
vertical dike/fanglomerate contact walls. To form axial
concentrations, fanglomerate inclusions must have tra-
versed the relatively barren dike margins after the masses
became disaggregated.

Bulbous swellings formed at the sites of fanglomerate
erosion and incorporation. The common presence of fan-
glomerate masses in tabular dike segments near bulbous
swellings, such as at locations 2 and 11A (figs. 1, 64, B),
show that incorporated clasts may be swept from the en-
larging magma conduit into an adjacent tabular dike seg-
ment. Regularly alternating matrix structure zones are
observed in three tabular dike segments that contain a
large volume of inclusions (tables 1, 2). Measurements at
location 13 show that the smallest particle sizes are
present in all zones internal to the dike contacts, whereas
the size of the largest inclusions increases from the dike
contacts to the axis, forming a log-normal distribution.
This particle distribution implies a stable configuration of
the flow regime in this dike segment. The regular alterna-
tion of fissility suggests further that the flow regime was
laminar. We speculate that large volumes of inclusions
may produce, or help stabilize, local laminar-flow regimes.

Size-sorted inclusion concentrations (the “zoning” de-
scribed by Campbell and Schenk, 1950) also occur only in
dike segments with abundant inclusions (table 2). At loca-
tion 13, both near-surface fanglomerate clasts and kaersu-
tite xenocrysts from the mantle were concentrated in the
axial zones, and the largest inclusion sizes are found in the
innermost axial zone. Therefore, whether or not the dikes
represent multiple injections of magma, the process that

concentrated and sorted the inclusions must be related to a
mechanical process in the magma conduits and not to
melting or extraction of magma in the mantle. We con-
clude that the characteristics of the axial concentrations
and size sorting of inclusions in the Black Canyon dikes
resemble flow-sorting phenomena.

Evidence for efficient flow-sorting processes in the
Black Canyon dikes is seen at location 2 (figs. 1, 7B). The
breccia at this locality probably formed when a mass of
friable fanglomerate was incorporated into the contact
zone at a level not far below the modern surface. At the
present level of exposure, this partly disaggregated mass
of wall rock, including clasts, sandy matrix, and chilled
fragments of dike matrix, lies between the contact and
dike axial zones. These clasts must have migrated from
the contact zone toward the dike axis as they were carried
both laterally and upward by the flowing magma. At loca-
tion 3, fragments of partly disaggregated fanglomerate are
found in the dike margin, but a short distance to the north
they are concentrated into the dike axial zone. This south
to north change from marginal incorporation to axial in-
clusion concentration may show that the magma in this
dike segment was moving northward.

Flow sorting (Drever and Johnston, 1958), both of
phenocrysts in magmatic bodies and of exotic fragments
in brecciated intrusive bodies, is a widely reported phe-
nomenon. For example, Baragar (1960) noted that axial
concentrations of the largest fragment sizes characterize fi-
bers of wood pulp in slurries. A similar phenomenon, sort-
ing of noncognate fragments in intrusions, was reported by
Reynolds (1954) for subvolcanic breccia at several Irish
localities; by Wilshire (1961) for sedimentary fragments in
a dike near Sydney, Australia; and by Wilshire, Offield,
and Howard (1971) for coarse particles in nonfluid intru-
sive impact breccia at the Sierra Madera structure, Texas.
Quasiscale-model experiments by Bhattacharji and Smith
(1964) and Bhattacharji (1967) demonstrated that particles
are sorted toward the axial parts of a conduit by flowing
magmalike fluids.

Concentrations of olivine in the centers of basaltic
dikes and slightly below the central zones of sills were
ascribed to flow sorting by Bowen (1928, p. 145), Drever
and Johnston (1958, 1967), Baragar (1960), Simkin
(1967), and Gibb (1968). Bébien and Gagny (1979) re-
ported that all phenocryst species (olivine+pyroxene+pla-
gioclase) and even early formed matrix minerals are sorted
into the central zones of dikes at a Greek ophiolite com-
plex. These examples show that sorting is a common pro-
cess in flowing magmas. However, current models for
phenocryst concentration tend to favor accretionary crys-
tallization, rather than flow sorting or flow differentiation,
because accretion models allow the dike to be interpreted
as a time profile (Platten and Watterson, 1987).

Komar (1972, 1976) attributed the inward migration of
particles in natural conduits to grain-dispersive pressures.
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He also demonstrated that such pressures are larger than
those related either to velocity gradients in the host fluid, to
wall effects, or Magnus-type forces. Grain-dispersive pres-
sure is due to grain-fluid or grain-grain interactions, de-
pending on the parameters of the system. These pressures
become important when a fluid contains more than 8 per-
cent particles (Komar, 1972). The effect of dispersive pres-
sures may also depend upon particle size. These
characteristics fit our observation that axial inclusion con-
centrations and size sorting are only seen where inclusions
are abundant (greater than 10 percent) and where axial and
near axial concentrations contain inclusion sizes of at least
20 mm (table 2).

Axial concentrations of mantle xenocrysts may be pro-
duced by sorting pressure anywhere between the mantle
source region and the present erosional surface, but the
concentrations of fanglomerate inclusions in Black Canyon
dikes must form between the depositional base of the fan-
glomerate and the surface. This distance is unknown for the
Black Canyon area, but the fanglomerate unit is as much as
several hundred meters thick elsewhere (I. Lucchitta, oral
commun., 1992). Therefore, long distances of vertical flow
are not required to produce size sorting of abundant inclu-
sions with an appropriate range of grain size.

Delaney and Pollard's (1981) model of dike growth im-
plies that the sorting in Black Canyon dikes may take place
over an even shorter vertical distance, depending upon the
level at which individual dike segments formed as off-
shoots from the main dike. If the segments connect with the
main dike above the base of fanglomerate deposits, this
would imply that sorting processes are extremely efficient.

SUMMARY

The Black Canyon dikes are alkali olivine basalt intru-
sions and related ejecta; the content of mafic and ultrama-
fic inclusions indicates derivation of the dike magma from
the mantle. Substantial textural and isotopic disequilibrium
between the host dike matrix and kaersutite megacrysts
shows that the amphiboles could not have crystallized
from the host magma, either in the crust or upper mantle,
and thus are xenocrysts.

Identification of the kaersutite+clinopyroxene inclu-
sions as xenocrysts requires reinterpreting the petrologic
classification and petrogenesis of the Black Canyon dikes.
Kaersutite grains that accompany orthopyroxene in a vein
in a lherzolite xenolith have compositions identical to the
bulk of the xenocrysts, and amphiboles with variable mag-
nesian compositions are found as interstitial grains in al-
tered wehrlitic xenoliths. Thus, the mafic-ultramafic
inclusion suite may represent a mantle region of peridotite
that was intruded and metasomatized by hydrous basaltic
magmas some time before the generation of melts that
formed the Black Canyon dikes. The mafic megacrysts

were coarse veins and dikes that crystallized in this older
magmatic episode. Most feldspathic and silicic minerals
and lithic inclusions in the dikes apparently come from
fanglomerate host rocks of the dike swarm, although anor-
thoclase and some plagioclase grains probably derive from
deep crustal levels.

Zoning in the Black Canyon dikes is commonly de-
fined by irregular and, less commonly, regular alternations
of massive and fissile matrix structure that resemble flow
patterns in streams. These zones are joint patterns inherit-
ed from shear planes and boundaries between magmatic
flow regimes in the dike conduits. The joints and other
features related to flow generally are parallel to the axial
plane of the dike and may occur individually or in combi-
nation. The more regular symmetrical or asymmetrical tex-
tural zones are rare, and they probably represent local
stable-flow regimes that formed and persisted over very
short distances.

The rare axial concentration and size sorting of inclu-
sions affects both mantle- and near-surface-derived inclu-
sions from Miocene and Pliocene fanglomerate wall rocks
in the best exposed dike (location 13; fig. 1) and other
Black Canyon dikes. The log-normal distribution of the
largest inclusion sizes in the dike segment at location 13
indicates that mantle- and crustal-derived fragments were
carried in a stable laminar-flow regime. Most inclusion con-
centration filaments are parallel to other flow-generated
structures; the filaments are present only where inclusions
are abundant and where maximum particle sizes reach 20
mm or greater and, except at location 13, the most common
inclusions are fanglomerate clasts. Thus, the most likely
origin for the size distributions and concentration of inclu-
sions is from flow sorting of particles in magma in the dike
conduit and is unrelated to deep-seated magmatic processes
or repeated injections of magma into near-surface conduits.
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SELECTED SERIES OF U.S. GEOLOGICAL SURVEY PUBLICATIONS

Periodicals

Earthquakes & Volcanoes (issued bimonthly).
Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific re-
ports of wide and lasting interest and importance to professional
scientists and engineers. Included are reports on the results of
resource studies and of topographic, hydrologic, and geologic
investigations. They also include collections of related papers
addressing different aspects of a single scientific topic.

Bulletins contain significant data and interpretations that are of
lasting scientific interest but are generally more limited in scope or
geographic coverage than Professional Papers. They include the
results of resource studies and of geologic and topographic investi-
gations, as well as collections of short papers related to a specific
topic.

Water-Supply Papers are comprehensive reports that present
significant interpretive results of hydrologic investigations of wide
interest to professional geologists, hydrologists, and engineers. The
series covers investigations in all phases of hydrology, including
hydrogeology, availability of water, quality of water, and use of
water.

Circulars present administrative information or important sci-
entific information of wide popular interestin a format designed for
distribution atno cost to the public. Information is usually of short-
term interest.

Water-Resource Investigations Reports are papers of an inter-
pretive nature made available to the public outside the formal USGS
publications series. Copies are reproduced on request unlike formal
USGS publications, and they are also available for public inspection
at depositories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports,
maps, and other material that are made available for public consul-
tation atdepositories. They are anonpermanent form of publication
that may be cited in other publications as sources of information.

Maps

Geologic Quadrangle Maps are multicolor geologic maps on
topographic basesin 7 1/2- or 15-minute quadrangle formats (scales
mainly 1:24,000 or 1:62,500) showing bedrock, surficial, or engi-
neering geology. Maps generally include brief texts; some maps
include structure and columnar sections only.

Geophysical Investigations Maps are on topographic or plani-
metric bases at various scales; they show results of surveys using
geophysical techniques, such as gravity, magnetic, seismic, or
radioactivity, which reflect subsurface structures that are of eco-
nomic or geologic significance. Many maps include correlations
with the geology.

Miscellaneous Investigations Series Maps are on planimetric
or topographic bases of regular and irregular areas at various scales;
they present a wide variety of format and subject matter. The series
also includes 7 1/2-minute quadrangle photogeologic maps on
planimetric bases that show geology as interpreted from aerial
photographs. Series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial
geology, stratigraphy, and structural relations in certain coal-resource
areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum
potential.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or
irregular areas at various scales. Pre-1971 maps show bedrock
geology in relation to specific mining or mineral-deposit problems;
post-1971 maps are primarily black-and-white maps on various
subjects, such as environmental studies or wilderness mineral inves-
tigations.

Hydrologic Investigations Atlases are multicolor or black-and-
white maps on topographic or planimetric bases presenting a wide
range of geohydrologic data of both regular and irregular areas;
principal scale is 1:24,000, and regional studies are at 1:250,000
scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehen-
sive listings of U.S. Geological Survey publications are available
under the conditions indicated below from the U.S. Geological
Survey, Books and Open-File Reports Sales, Federal Center, Box
25286, Denver, CO 80225. (See latest Price and Availability List.)

""Publications of the Geological Survey, 1879-1961"" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

"Publications of the Geological Survey, 1962-1970" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

""Publications of the Geological Survey, 1971-1981"" may be
purchased by mail and over the counterin paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by
mail and over the counter in paperback book form.

State catalogs, "List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State)," may be purchased by
mail and over the counter in paperback booklet form only.

"Price and Availability List of U.S. Geological Survey Pub-
lications," issued annually, is available free of charge in paperback
booklet form only.

Selected copies of a monthly catalog "New Publications of the
U.S. Geological Survey" are available free of charge by mail or may
be obtained over the counter in paperback booklet form only. Those
wishing a free subscription to the monthly catalog "New Publica-
tions of the U.S. Geological Survey" should write to the U.S.
Geological Survey, 582 National Center, Reston, VA 22092.

Note.--Prices of Government publications listed in older cata-
logs, announcements, and publications may be incorrect. Therefore,
the prices charged may differ from the prices in catalogs, announce-
ments, and publications.






